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Abstract Over the past 30 years, jet observables have proven to provide important
information about the quark-gluon plasma created in heavy-ion collisions. I review
the challenges, results, and open problems of jet physics in heavy-ion collisions,
discussing the main ideas as well as some most recent results focussing on two
major jet observables, the nuclear modification factor and the high-pT elliptic flow.
1 Jets in heavy-ion collisions
Relativistic high-energy heavy-ion collisions offer the unique possibility to study
matter experimentally under extreme conditions of high temperature and densities in
the laboratory. One of the main challenges is to probe the quark-gluon plasma (QGP)
created in such heavy-ion collisions. One set of observables is based on jets, sprays
of particles that are produced back-to-back due to the conservation of energy and
momentum. Those jets propagate through the dense matter formed while depositing
energy. As this jet-energy loss inevitably leads to an attenuation of the jet [1, 2, 3,
4, 5] this concept is referred to as jet quenching.
The breakthrough of studying jets in heavy-ion collisions came with the start
of the Relativistic Heavy Ion Collider (RHIC) in 2000 [6, 7, 8, 9]. By studying
the azimuthal distribution of the back-to-back jets in Au+Au collisions at RHIC, it
could be shown that this part of the jet which propagates through the hot and dense
matter is suppressed (or quenched) as compared to measurements in proton+proton
(p+p) or deuteron+gold (d+Au) collisions [10, 11]. This result is considered as a
clear signal that at RHIC energies the hot and dense QGP medium is only created
in heavy-ion collisions.
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Over many years, the actual evolution of the jet, the creation of shock waves
and possible Mach cones [12, 13, 14], have been discussed extensively in literature.
However, in the following I will focus on jet tomography, an approach pursuing
the concept of jet quenching:
By studying jet quenching, one should be able to characterize some properties
of the medium created. This idea is used e.g. in medicine by x-ray tomography
where a beam of particles traverses a medium (e.g. the human body). This beam is
deflected and/or absorbed and its remnants are measured in a detector. Finally, this
measurement leads to an image of the interior of the human’s body. Likewise, one
aims to getting an image of the interior of a heavy-ion collision by performing jet
tomography.
The basic idea of jet quenching and jet tomography has been applied in heavy-ion
collisions since the 1990’s. On the theory side, it has lead to various jet-quenching
models: GLV, DGLV, WHDA, AMY, ASW, ... [15, 16, 17, 18, 19, 20, 21].
1.1 Major jet observables
Jet quenching is predominantly quantified by the nuclear modification factor (RAA)
which is the ratio of the number of particles created in a nucleus+nucleus (A+A)
collision scaled to the number of particles created in a p+p collision and the number
of collisions Ncoll:
RAA(pT ) =
dNAA/d pT
NcolldNpp/d pT
(1)
Usually, this ratio is given as a function of the transverse momentum pT . If a
heavy-ion collision was a pure superposition of a p+p collisions then RAA = 1. How-
ever, if there is jet quenching then RAA < 1.
One of the major results obtained at RHIC [22, 23] was to show that the measured
nuclear modification factor for pions, the predominant species of particles measured
in Au+Au collisions, is RAA ∼ 0.2 which is significantly below 1.
With this measurement, the predicted jet suppression [1, 2, 3, 24] was first ob-
served at RHIC and it is considered as a signal for the creation of an opaque matter,
the quark-gluon plasma [25, 26].
A second major jet observable, the high-pT elliptic flow (v2), is based on a char-
acteristic observable of the background medium, the elliptic flow v2. Most A+A
collisions show an offset. If the particles in the overlap region, where the hot and
dense QGP medium is formed, interact then gradients will lead to a preferred emis-
sion.
By comparison to hydrodynamic simulations [27], it was shown that the back-
ground medium shows a preferred direction resulting an asymmetry which is quan-
tified by the 2nd Fourier coefficient of the angular distribution, the elliptic flow v2:
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dN
dφ
=
N
2pi
[
1+2
∞
∑
n=1
vn cos(nφ)
]
. (2)
Jets created in the overlap region that interact with the medium will certainly be
affected by the preferred emission of the background medium, resulting in a pre-
ferred emission of the high-pT particles (jets). Thus, even though the underlying
physics leading to this preferred emission is different, this observed preferred emis-
sion is referred to as high-pT elliptic flow.
2 Jet tomography – a challenge in heavy-ion collisions
Usually the jet-energy loss in heavy-ion collisions is considered to be very similar
to tomography of X-rays routinely used in medicine. However, both procedures are
indeed quite different.
In contrast to an ideal tomography (for simplicity one might think of an x-ray
tomography mentioned above), a heavy-ion collision misses [28]
1. a controlled flow of penetrating particles,
2. an established dynamical theory of the energy loss,
3. and a non-moving, non-fluctuating background medium.
Of course, this does not imply that jet tomography cannot be done in heavy-ion
collisions but it indicates that conclusions might not be as straightforward as they
seem.
3 Immediate consequences from the first results at the LHC
Before the Large Hadron Collider (LHC) was turned on in 2010, one of main ques-
tions discussed was if the correct description of a jet-energy loss in heavy-ion col-
lisions is done by using perturbative QCD (pQCD) or by applying the Anti-de-
Sitter/Conformal Field Theory (AdS/CFT) correspondence [15, 16, 17, 18, 19, 20,
21, 29, 30, 31, 32, 33].
Pre-LHC runs performed at RHIC [34] indicated that the measured nuclear mod-
ification factor and the high-pT elliptic flow can only be described simultane-
ously if a squared path-length dependence, dE/dx = dE/dτ ∼ τ2, is considered.
This squared path-length dependence points to an AdS/CFT-like energy loss while
a pQCD-like jet-energy loss is assumed to have a linear path-length dependence,
dE/dx = dE/dτ ∼ τ .
Right after the start of the LHC, a remarkable result was obtained for the nu-
clear modification factor. In contrast to early pQCD-based predictions [24], the RAA
showed an unexpected similarity for measurements at RHIC an LHC in the region
10 < pT < 20 GeV.
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These measurements indicate that there is a surprising QGP-transparency [35,
36, 37] for LHC energies. It suggests that the jet-medium coupling at LHC energies
is smaller than at RHIC energies which points to a running-coupling effect consis-
tent with pQCD but not with AdS/CFT.
Besides this, conformal AdS/CFT energy loss was expected to yield a flat RAA
[38]. However, the distinct slope of the pQCD prediction for the nuclear modifica-
tion factor at LHC energies given in Ref. [24] was shown to be correct, resulting in
the question if (conformal) AdS/CFT was ruled out by the first data of the LHC and
how to resolve the puzzle connected to the pre-LHC runs.
4 The BBMG model
To investigate the measured jet-energy loss at RHIC and LHC energies, we devel-
oped a generic jet-energy loss model (for convenience referred to as BBMG model)
over the past few years [36, 39, 40]. This model is based on the following ansatz of
the jet-energy loss:
dE
dτ
=−κ Ea τz T c=(2+z−a) ζqΓf , (3)
with the jet-medium coupling κ , jet energy E, the path-length τ , and the temperature
density of the background medium T .
Jet-energy loss fluctuations are included via the distribution
fq(ζq) =
(1+q)
(q+2)1+q
(q+2−ζq)q (4)
which allows for an easy interpolation between non-fluctuating (ζq=−1 = 1) distri-
butions and those ones increasingly skewed towards small ζq>−1 < 1 [40].
The background flow fields are incorporated via the flow factor
Γf = γ f [1− v f cos(φjet−φflow)] (5)
[41, 42, 43, 44] with the background flow velocities v f and the γ-factor
γ f = 1/
√
1− v2f . (6)
φjet is the jet angle w.r.t. the reaction plane and φflow = φflow(x, t) is the correspond-
ing local azimuthal angle of the background flow fields.
Even though this model is quite simple and not based on first-principles cal-
culations, it has offered the possibility to explore the jet physics in high-energy
heavy-ion collisions to a surprising quantitative accuracy. Besides that, the results
obtained via the BBMG model have always been cross-checked with the CUJET
model [45, 46, 47] which based on pQCD calculations up to 10 orders in opacity.
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Fig. 1 The early results for the nuclear modification factor measured at RHIC and LHC
[51, 52, 53] compared to calculations of an early version of the BBMG model given by dE/dτ =
−κ Ea=0.3τz=1 T c=2.7 without jet-energy loss fluctuations and background flow. The results for a
coupling constant of α = 0.3 reproduce the measured data at RHIC energies (blue solid line) but
overquench at LHC energies (orange dashed line). For a moderately reduced coupling of α = 0.27,
the nuclear modification factor for pions at LHC energies (magenta dashed-dotted line) is preferred.
The BBMG model interpolates between pQCD-based and AdS/CFT-inspired jet-
energy loss algorithms with a linear and a squared path-length z, respectively, and
has been coupled to state-of-the-art hydrodynamic and parton cascade background
media [48, 49, 50].
By calculating the nuclear modification factor and the high-pT elliptic flow
for RHIC and LHC, the jet-medium coupling, the jet-energy dependence, the
path-length dependence, and the impact of the background have been explored
[36, 39, 40].
In particular, we have been able to show that a moderate reduction of the jet-
medium coupling is needed to describe the LHC nuclear modification factor at LHC
energies, see Fig. 1. We could also prove that the rapid rise of the nuclear modifica-
tion factor at LHC energies rules out any model with dE/dx ∼ Ea>1/3. This rapid
rise can easily seen from Fig. 1. Please note that a = 1/3 is the lower bound of the
falling-string scenario, while a = 0 is referred to a pQCD-scenario [39].
By performing a detailed survey [40], we demonstrated that a pQCD-based sce-
nario with the parameters a = 0,z = 1,c = 3 in Eq. (3) describes the measured nu-
clear modification factor and the high-pT elliptic flow within the uncertainties of the
bulk evolution if a running jet-medium coupling is considered. Those uncertainties
are given e.g. by the initial state and the viscosity of the background medium.
In case of a conformal AdS-scenario with a squared path-length dependence,
however, the nuclear modification factor is clearly overquenched [40]. The reason
is that a conformal AdS-scenario is characterized by a fixed jet-medium coupling
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Fig. 2 The jet-medium cou-
pling κ(E2,T ), generalized
in Ref. [45], as a function
of the jet energy E and
the medium temperature
T . There is no interaction
below Tc = 0.16 GeV as it is
assumed that the medium is
converted into hadrons below
this temperature.
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since a conformal theory does not have any additional scale which can run. Thus,
we concluded [40] that a conformal scenario is ruled out by the rapid rise of the
measured RAA(pT ).
In contrast, a non-conformal AdS-scenario [54, 55] allowing for a running of
the jet-medium coupling, does lead to similar results as the pQCD calculations [40].
Thus, we observed that a linear and a squared path-length dependence lead to similar
results for the nuclear modification factor and the high-pT elliptic flow and does not
allow for an any disentangling of a possible pQCD and AdS-scenario [40]. One of
the main open challenges is to find a possible new observable which breaks this
degeneracy.
5 The high-pT v2 problem
As mentioned above, we showed in Ref. [40] that a pQCD scenario describes the
measured data within the theoretical and experimental uncertainties given. However,
our results are at the lower end of the measured error bars. This is in line with other
jet-energy loss models. While various different models can describe the RAA, the
high-pT is rather challenging and up to a factor of 2 too small as compared to the
data [34, 56, 57].
Ref. [45] suggested that a jet-medium coupling including non-perturbative ef-
fects around the phase transition at Tc ∼ 160 GeV and depending both on the energy
of the jet and the temperature of the background medium, κ(E2,T ), resolves the
high-pT v2 problem and leads to a simultaneous prescription of both the RAA and
the high-pT v2.
Since the jet-medium coupling κ(E2,T ) has been generalized to an analytic form
[45] (which is plotted in Fig. 2), it can easily be included in the BBMG model given
by Eq. (3). In Ref. [58] we showed that the energy and temperature-dependent jet-
medium coupling improves the description of the high-pT elliptic flow drastically,
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Fig. 3 The nuclear modification factor for central and mid-central events measured at
√
2.75 TeV
LHC energy [60, 61] compared to the three Glauber e2-eccentricity selections of the centrality
classes 0-5% (left) and 20-30% (right).
independently of a hydrodynamic or parton cascade background medium consid-
ered.
6 SHEE – Soft-Hard Event Engineering
To further study the impact of the background on the high-pT elliptic flow, in par-
ticular the impact of the e2-eccentricity selection (determining the centrality of a
collision) within a given centrality class, we have recently started to compare vari-
ous selected soft (low-pT background) and hard (high-pT jet) events [59].
The wide low-pT distributions measured by the ATLAS collaboration [62] have
proven that background models must render both the 〈low−pT vn〉 and the correct
fluctuations within a centrality class.
For SHEE [63], we coupled the (hydrodynamic) v-USPhydro code [64, 65] to the
BBMG model. 15,000 Glauber initial conditions are generated and three different
events are selected:
1. 150 events with random e2-eccentricity,
2. 150 events with top 1% e2-eccentricity,
3. and an averaged event (smoothed profile).
Those initial conditions are consecutively run through the v-USPhydro and
BBMG code. The results for the nuclear modification factor and the high-pT el-
liptic flow are shown in Figs. 3 and 4. Please note that the reference point chosen
for all scenarios is RAA(pT = 10GeV) = 0.185. In Fig. 4 we compare three different
methods to determine the high-pT elliptic flow: the arithmetic mean 〈vn〉, the root
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Fig. 4 The high-pT v2 (left) and v3 (right) calculated via the arithmetic mean, the root mean square,
and Eq. (7) for the three e2-eccentricity selections of the centrality classes 20-30% and compared
to the measured data at
√
2.75 TeV LHC energy [68, 69, 70].
mean square 〈v2n〉1/2, and vhighn given by
vhighn =
〈vlown vhighn (pT )cos[n(ψ lown −ψhighn (pT ))]〉events√
〈v2,lown 〉events
(7)
which is used by experiment [66, 67].
Fig. 3 shows that there is almost no difference between the event-by-event and
smoothed initial conditions for the nuclear modification factor. Thus, RAA is inde-
pendent of the e2-eccentricity distribution of the background medium.
Fig. 4 demonstrates that the high-pT v2 is proportional to the low-pT v2 (which is
the largest for the top 1% e2 events) and that the width of the low-pT v2-distribution
influences the high-pT v2. Besides that, the event-by-event fluctuations enhance the
high-pT v2, depending on the e2-eccentricity selection. The yields for the arithmetic
mean 〈vn〉, the root mean square 〈v2n〉1/2, and the vhighn are similar. Fig. 4 exhibits
that e2 and e3 are anticorrelated as for the low-pT bulk medium [71, 72].
7 Conclusions
By reviewing the challenges, results, and open problems of jet physics in heavy-ion
collisions, discussing the main ideas and concepts as well as most recent results
of the nuclear modification factor and the high-pT elliptic flow, I showed that jets
are important tools to probe heavy-ion collisions. Unfortunately, it has not yet been
possible to disentangle the underlying theory (pQCD or AdS/CFT) with these mea-
surements but we must find a way. Jet physics in heavy-ion collision clearly shows
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that the results obtained are influenced both by the background medium and the
jet-energy loss description.
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